Abstract: Studies on the diversity of gastropod fauna were carried out in ten sinkhole ponds with varied sediments types, which were located in a coal mining area (Silesian Upland, Southern Poland). The water bodies with different bottom types were distinguished by their dissimilar water properties and the total organic matter in the sediment. A total of 11 gastropod species from four families were identified. Eleven species occurred in sinkhole ponds with a coal shale bottom, while in water bodies with sandy sediments nine species were found. The gastropod diversity and abundance were lower in water bodies with sandy sediments compared to the ponds with a coal shale bottom. Canonical correspondence analysis (CCA) showed the important factors that influence the gastropod distribution in the subsidence ponds that were studied.
Introduction
Water bodies that are established in a coal basin are a characteristic element of the surface hydrographic network of an area in which there is underground coal mining exploitation. They are distributed in wastelands, forest complexes and highly urbanised and industrialised areas (Machowski 2010) . Their surfaces and depth are different because of the local environmental conditions and the length of the period of surface subsidence. The ways in which water supplies and the land have been used have an impact on the water properties and permanency of these reservoirs (Jankowski et al. 2005; Rzęta la 2008; Machowski 2010) .
Researches on water invertebrates in subsidence ponds are rarely undertaken in Poland although this type of reservoirs very commonly occurs in the Silesian Upland, which is completely devoid of natural lakes. Previously, the occurrence of 18 gastropod species (Strzelec & Serafiński 2004) , 9 leech species (Krodkiewska 2003) and 23 oligochaete species (Dumnicka & Krodkiewska 2003; Krodkiewska 2006; Krodkiewska & Królczyk 2012) has been demonstrated in these reservoirs, which are often defined as hydrological wastelands. These ponds are often valuable refuges for rare or vulnerable plant and animal species and act as the recipient area for alien species and invasive species among others (Lewin & Smoliński 2006; Strzelec 2011; Lewin 2012; Skowrońska-Ochmann et al. 2012; Spyra & Krodkiewska 2013) .
Previous studies on the diversity of freshwater gastropods in sinkhole ponds have been concerned with the impact of some physical and chemical water properties, the presence of aquatic macrophytes, the effect of the introduction of alien species and the importance of sinkhole ponds in maintaining the biodiversity in industrial areas (Strzelec 2005; Lewin & Smoliński 2006; Michalik-Kucharz 2008; Lewin 2012) . However, the sinkhole ponds that were studied were characterised by a homogenous type of bottom sediments, which were composed of mud and mud with a layer of leaf deposits in different stages of decomposition or mud with a layer of the remains of aquatic plants. They were different in terms of age, their permanence, the diversity of aquatic plants and the way in which water was utilised.
To date no research has been carried out in sinkhole ponds with a coal shale bottom. Therefore, the main aim of this study was to estimate the impact of environmental conditions, including the type of bottom substratum, on the gastropod communities. Additionally, we also attempted to show the significance of the location of the ponds in the dispersal process of gastropods.
Material and methods
The studies were carried out in ten subsidence ponds that are located in two complexes ( Figs 1A-D of Silesian Upland, Southern Poland) (Fig. 2 ). They were created in the 1960s and 1970s. The sinkhole ponds studied were characterised by a small surface area (up to 2.5 ha) and shallow depth (up to 2.0 m). Their bottom was composed of sand and detritus or coal shale and detritus (Table 1) .
Material for the studies was gathered from all of the ponds once at month from May 2001 to April 2002. Samples were only taken from the bottom without vegetation using an Ekman grab (256 cm 2 sampling area). One sample included four replicates using the grab. In total, 12 samples were collected from each of the sinkhole ponds.
In the laboratory the samples were sieved through a 0.23 mm sieve. The macroinvertebrates were sorted under a stereoscopic microscope and preserved in 70% ethanol. Gastropoda were identified at the species level using the Glöer & Meier -Brook key (1998) . The identification of Radix auricularia and Radix balthica was carried out on the grounds of morphological characteristics, mantle pigmentation and the characteristics of the reproductive organs (Jackiewicz 2000) . Other macroinvertebrates were identified at the family level using the key by Ko lodziejczyk & Koperski (2000) .
In addition to the biological samples, water samples were collected for analyses four times (once during the spring, summer, autumn and winter) from all of the ponds. The analyses of water properties (e.g., chlorides, sulphates, phosphates, iron, alkalinity, total hardness, calcium and magnesium) were carried out using standard methods according to Hermanowicz et al. (1999) . Water temperature, pH and conductivity were measured in the field using Hanna Instruments portable meters. In addition to water samples, sediment samples were gathered in order to analyse the organic matter content. The total organic matter content was determined according to the loss-on-ignition technique by combusting the sediment at 550
• C for 4 h. The zoocenological studies of the gastropod communities were conducted on the grounds of the following indices: domination (D %), constancy (C %) and the ShannonWiener index.
Statistics
Correspondence analysis (CA) was conducted using the software program Canoco ver. 4.5 in order to distinguish the most representative environmental variables and the trends of habitat distribution among the different subsidence ponds.
The t-test was performed to evaluate the differences in the water parameters, the content of the sediment organic matter, the gastropod density, the snail taxa number, the diversity of the gastropod communities and the density of gastropod species among the ponds of different bottom types using the program Statistica for Windows ver. 9.0.
The relationships between gastropod species and environmental variables were tested using ordination techniques with the program Canoco. The data were analysed using unimodal analysis (Canonical Correspondence Analysis) because the species data showed a unimodal response (the length of the gradient in the DCA exceeded 3 SD). Species that constituted less than 5% of the collection were omitted from the analysis. The statistical significance of the analysis was determined using the Monte Carlo permutation test. The species data and environmental data were also log-transformed in the analysis. The results from the CCA were displayed graphically in an ordination diagram using the software program CanoDraw ver. 4.12.
Results
The correspondence analysis (CA) showed a division of the subsidence ponds into two groups. The first group, which is located on the right side of the first axis, was formed by reservoirs with sandy bottoms. The second group of reservoirs, which are on the left side of the diagram, are characterised by bottoms with coal shale (Fig. 3) .
The subsidence ponds with different bottom types are distinguished by dissimilar water properties and total organic matter in the sediment. A higher mineralisation of water, total hardness, total alkalinity and a greater concentration of chlorides, calcium and magnesium was found in reservoirs with a coal shale bottom. The organic matter content in sediments was also higher in this type of reservoirs. These differences were significant ( Table 2) .
The fauna of sinkhole ponds was composed of 35 families, including 23 families on both types of bottom, among which, Naididae and Chironomidae predominated. Most of the families constituted under 0.1% of the collection in both the ponds with a sandy bottom and a coal shale bottom (Table 3) .
A total of 11 gastropod species from four families were identified in the ponds that were studied, among which six species occurred abundantly but infrequently. All of the collected species of Gastropoda were distributed in the ponds with a coal shale bottom. Bithynia tentaculata and Planorbis planorbis were only observed in this type of ponds (Table 4) . Eurytopic species, Radix balthica, Gyraulus crista, Gyraulus albus and Planorbarius corneus, dominated the communities with both types of bottom. In addition to these species, other species that occurred numerously in the subsidence ponds with a coal shale bottom were Physella acuta and Segmentina nitida (Table 4 ). The gastropod communities were worse off in terms of the taxa number, the abundance, the mean density and the diversity expressed in Shannon-Wiener index in the ponds with a sandy bottom (Table 4) Differences related to the gastropod density (t = 1.4, df = 118, P > 0.05), the taxa number (t = 2.48, df = 118, P > 0.05) and the Shannon-Wiener index (t = 2.35, df = 118, P > 0.05) among the ponds with different bottom types were statistically significant.
The canonical correspondence analysis (CCA) showed a group of important factors that influence the occurrence of gastropods in the subsidence ponds that were studied. The important factors for R. balthica, P. acuta and S. nitida were the condictivity, the alkalinity, the hardness of the water and the concen- tration of chlorides and calcium in the water, which explained their numerous occurrence on the surface of the ponds with a coal shale bottom. By contrast, G. albus and G. crista were found abundantly on the ponds with a sandy bottom (Fig. 4) . The first two ordination axes of the CCA analysis with the best explanatory variables explained a 44.3% variance in the species data and a 65% species -environmental relation. The Monte Carlo permutation test showed that the results of the analysis are statistically significant (Table 5 ).
The studies demonstrated that the mean density of P. acuta, R. balthica, R. auricularia and S. nitida was statistically higher on the surface of the ponds with a coal shale bottom than on the surface of those with a sandy bottom (Table 6 ).
The studies also showed that the location of the water bodies and their proximity to each other influenced the diversity of the gastropod communities. In the ponds of the first complex, the gastropod communities differed from those in the ponds of the second complex in terms of their density (Table 7) and diversity Fig. 4 . Canonical correspondence analysis (CCA) ordination diagram based on the abundance of gastropod species and the best explanatory variables. λ 1 -the eigenvalue of the first axis, λ 2 -the eigenvalue of the second axis, P.corn -Planorbarius corneus, G.alb -Gyraulus albus, R.bal -Radix balthica, Ph.acut -Physella acuta, S.nitid -Segmentina nitida, G.cris -Gyraulus crista, alkal -alkalinity, CI -chlorides, EC -conductivity, tot.hard -total hardness, Fe -iron, Ca -calcium, wat.fluctu -water fluctuation, PO 4 -phosphates.
( Fig. 5) . Five gastropods species occurred numerously in each of the ponds of the first complex, whereas only G. crista was collected abundantly in the second complex. In addition to G. crista, another species, R. balthica, occurred numerously but not in all of the ponds (Table 7) .
Discussion
The composition of bottom sediments is one of the important abiotic factors that influence species diversity and the community structure of macrofauna (PinelAlloul et al. 1996) . As was shown previously by Oertli Test of significance of first canonical axis: eigenvalue = 0.609 F-ratio = 11.851 P-value = 0.002 Test of significance of all canonical axes:trace = 1.469 F-ratio = 3.521 P-value = 0.002 Table 6 . The value of t-test for the gastropod species density on the bottom types studied.
Species t-test df = 118
The significance level (1995), the preference of a species to the type of substrate is not expressed in their presence or their absence but rather in their abundance. Our studies established a preference for a coal shale bottom with silt for Chironomidae, Caenidae and primarily Naididae, among which these species were ubiquitous (Krodkiewska & Królczyk 2012) . Previous studies documented the impact of bottom sediments on the occurrence and diversity of gastropods (Strzelec 1993; Chertoprud & Udalov 1996; Collier et al. 1998 ). The results of our studies showed that Gastropoda only constituted a few percent of the macrofauna on both types of sediments (6.2% on a sandy bottom and 4.4% on a coal shale bottom, respectively). The data obtained by Spyra (2011) in a few anthropogenic water bodies with bottoms that were covered by leaf deposits indicated that gastropods occur abundantly in benthic macrofauna. On the other hand, according to Lodge (1985 Lodge ( , 1986 , gastropods avoid sediments that are covered by detritus that is composed mostly of leaves from waterside trees.
Our research showed that sinkhole ponds are characterised by a low diversity of gastropod fauna as compared to other types of anthropogenic water bodies (Michalik-Kucharz 2008) . To date, 18 gastropod species Table 7 . The domination structure (D%) and constancy (C%) of the gastropod communities in the pond complexes studied.
The first complex The second complex Species Fig. 5. The Shannon-Wiener index of the communities of gastropods in the sinkhole ponds studied. the first complex, the second complex.
have been observed in sinkhole ponds in the area that was studied in this research. In particular, from one to nine species were found in the water bodies (Strzelec & Serafiński 2004) . Previously, a large number of studies were carried out in which the positive impact on the sediment-dwelling fauna in an area with an occurrence of aquatic macrophytes was repeatedly underlined (Lodge & Kelly 1985; Brönmark 1989; Kornijów 1989; Collinson et al. 1995; Costil & Clement 1996) . Although our sampling sites were located outside the zone of the occurrence of macrophytes, we found from three to ten gastropod species. Their abundance differed from those that were shown by Strzelec & Serafiński (2004) , Lewin & Smoliński (2006) , Michalik-Kucharz (2008) . Our research showed that in the sinkhole ponds that were studied regardless of the sediment type, only a few gastropod species occurred abundantly. Similar observations were made in the investigations of Strzelec (1993) , who observed an increased number under adverse conditions in only certain species, which due to adaptations and the lack of predators allowed them to create an ecological niche. In water bodies with sandy sediments covered by detritus G. crista, G. albus, P. corneus and R. balthica occurred more numerously, whereas in sinkhole ponds with a coal shale bottom besides the above-mentioned species, P. acuta and S. nitida occurred more abundantly in the gastropod communities. However, only G. crista was observed in each of the water bodies independent of the composition of the sediments. R. balthica was found in all of the sinkhole ponds with a coal shale bottom, which according to Strzelec (1993) is one of the first colonisers of anthropogenic water bodies. It is a constant element of macrofauna in sinkhole ponds (Adams & Robin 1988; Strzelec 1993 ). According to Lassen (1975) , R. balthica, G. crista and G. albus are also early immigrants to emergent water bodies. They are species that are characterised by low ecological requirements and that occur in various water environments (Strzelec & Serafiński 2004) . In the opinion of Pip (1986), a high degree of variations in the structure of mollusc communities is observed on man-made water bodies during the first period of settlement. The water bodies that were studied here are about the same age and vary only slightly in their surface areas, which demonstrates that differences in the taxa number and benthos density that were observed are not associated with these factors. A similar result was obtained by Wood et al. (2001) . Data from their survey showed the lack of a relationship between the abundance of macrofauna and the age and size of industrial ponds in England. According to Adams & Robbins (1988) , only the largest sinkhole ponds are characterised by the occurrence of most macroinvertebrates groups. An opposite result was obtained by Oertli et al. (2002) , who found that the size of water bodies had an impact on the occurrence of a certain benthos taxa.
Our studies did not demonstrate any influence of this factor on the diversity of the snail fauna.
Sinkhole ponds are an example of isolated, patchily distributed environments. According to Zealand & Jeffries (2009) , the distance between water bodies is one of the factors that affect the differences in gastropod communities. In their opinion, snail communities become more similar in ponds that are located close to each other. A connection between water bodies simplifies the active dispersal of snails (Wilmer et al. 2008 ). In the case of isolated ponds that are closer together, birds may also take part in gastropods dispersal process (Boag 1986; Van Leeuwen et al. 2012a, b,c) . It cannot be excluded that snails may also be unintentionally or intentionally introduced to a new site by humans. Our studies showed that the geographic proximity of the ponds that were studied had an influence on the similarity of the gastropod fauna. In all of the ponds of the first complex, R. balthica, S. nitida, G. crista, G. albus and P. corneus were found in the gastropod communities, whereas at the second complex, only G. crista occurred in all of the ponds. According to Beran (2002) , G. crista is a characteristic species for eutrophic water bodies.
P. acuta, which is an alien species in Poland, was found in sinkhole ponds of the first complex. In the opinion of Früh et al. (2012) , degraded water bodies are very often at risk of the occurrence of alien species. Our results showed that P. acuta prefers a higher mineralisation of water and a greater concentration of chlorides and iron. Früh et al. (2012) observed that a higher chloride content in water is one of the main variables that also increases the risk of biological invasions including snails.
No rare snail species were found during our survey. An opposite result was obtained, among others, by Lewin & Smoliński (2006) and Michalik-Kucharz (2008) . The data from their survey showed that snail species that are on the Polish Red List of Species occurred in the subsidence ponds in the Silesian Upland.
Sinkhole ponds are convenient objects of hydrobiological studies, as they allow the succession of gastropods from creation of the ponds until any possible water loss to be followed. Earlier investigations showed that highly specialized species do not reach colonisation success in these environments (Michalik-Kucharz 2008). Our research indicated that studies on the diversity of gastropod fauna in anthropogenic water bodies should focus on bottom sediments specifically because they are known to act as a reservoir of nutrients, organic compounds and different solutes due to the accumulation of autochthonous and allochthonous organic matter (Boyd 1995) .
